Purpose Calcitriol potentiates cisplatin-mediated activity in a variety of tumor models. We examine here, the effect of calcitriol and cisplatin pre-clinically and clinically in canine spontaneous tumors through in vitro studies on tumor cells and through a phase I study of calcitriol and cisplatin to identify the maximum-tolerated dosage (MTD) of this combination in dogs with cancer and to characterize the pharmacokinetic disposition of calcitriol in dogs. Methods Canine tumor cells were investigated for calcitriol/cisplatin interactions on proliferation using an MTT assay in a median-dose effect analysis; data were used to derive a combination index (CI). Cisplatin was given at a fixed dosage of 60 mg/m 2 . Calcitriol was given i.v. and the dosage was escalated in cohorts of three dogs until the MTD was defined. Serum calcitriol concentrations were quantified by radioimmunoassay. Results In vitro, CIs \ 1.0 were obtained for all combinations of calcitriol/cisplatin examined. The MTD was 3.75 lg/kg calcitriol in combination with cisplatin, and hypercalcemia was the dose-limiting toxicosis. The relationship between calcitriol dosage and either C max or AUC was linear. Calcitriol dosages [1.5 lg/kg achieved C max C 9.8 ng/mL and dosages [1.0 lg/kg achieved AUC C 45 h ng/mL. Conclusions Calcitriol and cisplatin have synergistic antiproliferative effects on multiple canine tumor cells and high-dosages of i.v. calcitriol in combination with cisplatin can be safely administered to dogs. C max and AUC at the MTD 3.75 lg/kg calcitriol exceed concentrations associated with antitumor activity in a murine model, indicating this combination might have significant clinical utility in dogs.
Introduction
Cisplatin (cis-diamminedichloroplatinum [II] ) is one among the most active antitumor agents used in human and veterinary chemotherapy. In people, cisplatin is curative in testicular cancer and significantly prolongs survival in combination regimens for ovarian cancer. Cisplatin has therapeutic benefit in human head and neck, bladder, and lung cancer [28] . In veterinary oncology, cisplatin is widely used as adjunctive treatment for osteosarcoma [59] and there is demonstrated activity against numerous solid tumors including thyroid carcinoma [19] , transitional cell carcinoma of the urinary bladder [41] , and other high-grade sarcomas and carcinomas [30] .
Cisplatin cytotoxicity results, in part, from the formation of intrastrand bifunctional N-7 adducts at adenine and guanine of DNA [28] . A number of signaling events occur after treatment of cultured cells with cisplatin. For example, ataxia telangiectasia-mutated kinase (ATM), which is involved in cell-cycle checkpoint activation, is activated by cisplatin. This kinase, in turn, phosphorylates and activates several downstream effectors that regulate cell cycle, DNA repair, cell survival, and apoptosis. These include p53, cAbl, and members of the mitogen-activated protein kinase (MAPK) pathway (extracellular signal-regulated kinase [ERK] , c-Jun amino-terminal kinase [JNK] , p38 kinase) [22, 28, 44] . Several reports have demonstrated an important role for stress signaling molecules such as mitogenactivating protein kinase kinase kinase-1 (MEKK-1) in regulating cisplatin sensitivity. In cisplatin-treated cultured cell lines, MEKK-1 becomes phosphorylated and then subsequently cleaved by caspase-3 [58] . Cleavage leads to the loss of intact MEKK-1; aberrant expression of unregulated MEKK-1 activity in the cytoplasm leads to the generation of proapoptotic signals via the c-Jun N-terminal kinase kinase (SEK1)-JNK-Jun and MKK3/MKK6-p38 MAPK stress pathways [13, 21, 50] .
Calcitriol (1,25-dihydroxyvitamin D 3 ; 1a25-dihydroxycholecalciferol), the principal biologically active form of vitamin D, exerts potent antineoplastic activity in vitro and in vivo in a broad range of tumor model systems [57] . Calcitriol induces G1/G0 cell cycle arrest, which might be mediated by increased expression of the cyclin-dependent kinase inhibitors p21 waf/kip1 and p27 kip1 [8, 24, 36] , decreased cyclin-dependent kinase 2 (CDK2) activity, and hyperphorphorylation of the retinoblastoma protein [31] . In some cells, calcitriol induces apoptosis by down-regulating anti-apoptotic genes like Bcl-2 [15, 26] . Calcitriol decreases expression of epidermal growth factor receptors [56] , induces transforming growth factors b1 and/or b2 [23] , reduces insulin-like growth factor-1 signaling [6] , and alters levels of hepatocyte growth factor [9] . Inhibition of tumor invasion through decreased matrix metalloproteinase 2 and 9 activity [52] , antiproliferative effects on tumor-derived endothelial cells [12] , and inhibition of the prostaglandin pathway have also been reported [32] .
In vitro and in vivo, calcitriol potentiates the antitumor activity of numerous cytotoxic drugs [57] . Studies by our laboratory group show that calcitriol was synergistic with cisplatin in a murine squamous cell carcinoma (SCCVII/ SF) model system [25, 35] . The increased cytotoxicity resulted from cisplatin-enhancement of calcitriol-induced apoptotic signaling through upregulated MEKK-1 [25] . Evidence also suggests calcitriol might enhance cisplatinmediated cytotoxicity through inhibitory effects on DNA repair [57] . The antiproliferative effect of calcitriol is dosedependent; high doses of calcitriol are required to elicit antitumor activity and these doses might be associated with dose-limiting hypercalcemia [42] .
To determine the maximum-tolerated dosage (MTD) of i.v. calcitriol that could safely be combined with cisplatin, we conducted this phase I trial in dogs with naturally occurring malignancies. Further objectives of the study reported here were to characterize the pharmacokinetic disposition of calcitriol in dogs and determine if calcitriol enhanced cisplatin-mediated cytotoxicity in canine tumor cell lines.
Materials and methods

In vitro studies
Chemicals and reagents
Calcitriol (1,25 dihydroxycholecalciferol; HoffmannLaRoche, Nutley, NJ, USA) was reconstituted in 100% EtOH and stored, protected from light, under nitrogen at -70°C. All handling of calcitriol was performed with indirect lighting. Calcitriol was diluted in tissue culture medium just before use. Cisplatin (Platinol-AQ; Bristol Laboratories, Princeton, NJ, USA, USA) was obtained as a 1 mg/mL solution and diluted in sterile saline or tissue culture medium immediately before use.
for 24 h by adding medium alone or medium containing calcitriol directly to the wells. Cells were either incubated without further treatment or treated with medium containing cisplatin for an additional 72 h. The final volume in each well was 0.2 ml. To quantitate cell viability, the cells were incubated with 20 lL of 0.5% MTT for 90 min at 37°C. The medium was removed, and the cells were solubilized for 20 min in 10% SDS/10 mM HCl. Absorbance was read with an ELISA plate reader (Bio-Tek Instruments, Winooski, VT, USA) at a wavelength of 490 nm. Median doses for each drug were determined from the dose response data using CalcuSyn software (Biosoft, Ferguson, MO, USA). Drug interactions were quantitated using the 
In vivo study
Animals This open-label phase I study used client-owned dogs and was performed at the Cornell University Hospital for Animals at Cornell University College of Veterinary Medicine. Dogs weighing [10 kg were considered eligible to receive calcitriol combined with cisplatin when they had a resected, recurrent, or metastatic spontaneously occurring neoplasm that had been confirmed histologically; an expected survival of at least 4 weeks; not received chemotherapy, immunotherapy, or radiotherapy for at least 4 weeks; and adequate bone marrow (absolute neutrophil count C3,000/lL, platelets C100,000/lL), renal (serum creatinine concentration B1.3 mg/dL), hepatic [serum bilirubin concentration B0.3 mg/dL; serum alanine transaminase (ALT) and aspartate transaminase (AST) activities B29 upper limit of reference range], and cardiac function. Corrected serum calcium was used to assess (and grade) hypercalcemia [corrected calcium = (serum calciumserum albumin) + 3.5]. Dogs with corrected serum calcium C 12.0 mg/dL (reference range, 9.3-11.6 mg/dL) were excluded from the study. Written informed consent was obtained from all clients. The study protocol and consent form were approved by the Institutional Animal Care and Use Committee at Cornell University. (5) any treatment interruption related to the protocol that persisted for C2 weeks. When one of three dogs in a group had DLT, three additional dogs were administered calcitriol at the same dosage. When no DLT was observed in the additional three dogs, the dosage was escalated. When two or more dogs in a group had DLT, at least three additional dogs were administered the preceding treatment dosage. The nontolerable dose level was defined as the dosage at which C2 of three or C2 of six dogs had DLT. The maximum-tolerated dose (MTD) was defined as the highest dosage below the nontolerable dose level that resulted in B1 of six dogs with DLT. A routine protocol for administering cisplatin using antiemetics and fluid diuresis was delivered through an indwelling catheter inserted in a cephalic vein. Specifically, dogs received 0.9% NaCl solution (18.3 mL/kg/h, i.v., for 4 h) followed by a bolus of dolasetron (Aventis Pharmaceuticals Inc., Kansas City, MO, USA; 0.6 mg/kg, i.v.). The calculated dose of cisplatin (60 mg/m 2 body surface area) was then infused during a 20-min period. A dose of butorphanol (Fort Dodge Animal Health, Fort Dodge, IA, USA; 0.4 mg/kg, i.m.) was given immediately after completion of the cisplatin administration. Diuresis with 0.9% NaCl solution was continued for another 2 h.
Study design and treatment plan
The prescribed dose of calcitriol was diluted in 0.9% NaCl solution, protected from light, and delivered i.v. over 60 min simultaneously with initiation of the pre-cisplatin fluid diuresis. Injectable calcitriol contains polysorbate 20 and dogs are known to experience hypersensitivity reactions to this vehicle [37] . Therefore, 24 h before treatment with calcitriol, dogs were premedicated with prednisone (Lloyd Inc., Shenandoah, IA, USA; 1 mg/kg, p.o.) and then 30 min before treatment dogs were premedicated with dexamethasone sodium phosphate (American Reagent Laboratories Inc., Shirley, NY, USA; 2 mg/kg, i.v.), cimetidine (Hospira Inc., Lake Forest, IL, USA; 4 mg/kg, i.v.), and diphenhydramine (Baxter Healthcare Corp, Deerfield, IL, USA; 4 mg/kg, i.m.) as described by Poirier et al. [48] . Following treatment with calcitriol/cisplatin, dogs received a prophylactic antiemetic (metoclopramide, Pliva, East Hanover, NJ, USA; 0.5 mg/kg, p.o., q8 h for 7 days).
Clinical evaluation and follow-up Baseline evaluation included a complete medical history, physical examination, CBC with differential and platelet count, serum biochemical analysis, and urinalysis. Gross tumors were not required, but when present, tumors were either directly measured with calipers or imaged and measured by use of radiography, ultrasonography, or computed tomography. Medical history, physical examination, CBC, serum biochemical analysis, and urinalysis were repeated on days 7, 14, and 21 after calcitriol/cisplatin administration. Evaluation of toxic effects of calcitriol/cisplatin was monitored by evaluation of the medical histories obtained from dogowners and results of laboratory data. Toxic effects were graded in accordance with the Veterinary Co-operative Oncology Group Common Terminology Criteria for Adverse Events 1.0 [1] . As previously mentioned, corrected serum calcium was used to grade hypercalcemia.
Pharmacokinetic analysis An indwelling catheter was inserted in the jugular vein of each dog, and blood samples (3 ml) were collected into nonheparinized tubes before, immediately after (0 min), and at 0.5, 1, 1.5, 2, 3, 4, 5, and 24 h after the calcitriol infusion. Samples were protected from light, centrifuged for 10 min at 2,0009g, and serum was harvested in 1-2 ml aliquots at -70°C until analyzed. Serum calcitriol levels were determined using the 1,25-dihydroxyvitamin D 3 -[I 125 ] radioimmunoassay kit from DiaSorin Co (Stillwater, MN, USA). The analytic characteristics of this assay have previously been described [53] . Noncompartmental analysis of pharmacokinetic data was done using WinNonlin Ò Version 5.1, Pharmasight (Mountain View, CA, USA). The pharmacokinetic parameters estimated were: peak levels (C max ), area under the concentration-time curve from time 0-24 h (AUC 0-24 h ), terminal half life (t 1/2 ), volume of distribution (V z ) and total body clearance (Cl tb ). The relationship between pharmacokinetic variables C max , AUC 0-24 h , and V z and calcitriol dosage were evaluated by use of linear regression analysis, and the correlation coefficient was defined. Associations between t 1/2 and Cl tb, and calcitriol dosage were analyzed by nonlinear regression using SAS software (Cary, NC, USA).
Results
In vitro studies
To explore the interaction between calcitriol and cisplatin in canine tumor cell lines, cells (CMT25, breast cancer; OS2.4, osteosarcoma, and C2, mast cell tumor), were treated with varying concentrations of either calcitriol or cisplatin alone, or they were pretreated with calcitriol followed by cisplatin; antiproliferative effects were measured using the MTT assay. As shown in Table 1 , greater inhibition of cell growth was observed for the combination than for either single agent across all the canine cell lines. Utilizing a fixed ratio of calcitriol/cisplatin dose-effect data was determined and the combination index (CI) calculated (Fig. 1a-c) . It was determined that the concentrations of calcitriol and cisplatin required for 50% growth inhibition were 3-8-fold lower, respectively, when the drugs were used in combination than when used individually. For most of the dose combinations tested, a CI value of \1 was obtained, indicating that the interaction between calcitriol and cisplatin is synergistic. Median dose-effect analysis also revealed apparent antagonism between the drugs when low concentrations of calcitriol were used in combination with higher cisplatin or calcitriol concentrations (data not shown).
In vivo study Table 2 . Five of 22 (23%) were mixed-breed dogs and 17 (77%) were purebred including 3 Golden Retrievers, 3 Labrador Retrievers, 2 Rottweilers, 2 Australian Shepherds; 1 each were Boxer, Borzoi, Doberman Pinscher, German Shepherd, Gordon Setter, Greyhound, and Vizla. The majority (11 of 22, 50%) of dogs had osteosarcoma; tumors originated from the appendicular skeleton in 10 dogs and 1 had extraskeletal osteosarcoma of soft parts. Three (14%) dogs had chondrosarcoma, 2 (9%) squamous cell carcinoma, 2 melanoma, 2 soft tissue sarcoma, and 1 (4%) each had thyroid carcinoma and undifferentiated carcinoma. Fifteen dogs had previously undergone only surgery, 2 had received docetaxel chemotherapy, 1 had surgery and radiotherapy, 1 had surgery followed by 
Hematological toxicity
Only two dogs treated on this study developed Cgrade 3 (\500 cells/lL) neutropenia. At dose level 3 (0.5 lg/kg), one dog had grade 3 neutropenia (600 cells/lL). At dose level 6 (2.25 lg/kg), one dog had grade 4 neutropenia (400 cells/lL). Both episodes of neutropenia were detected on day 14 after treatment, were not associated with any clinical signs of sepsis, and were resolved when rechecked on day 21. No dogs developed Cgrade 2 (\100,000 cells/ lL) thrombocytopenia and no dogs developed anemia.
Nonhematological toxicity
Hypersensitivity reactions
The most common nonhematological adverse events were hypersensitivity reactions presumably secondary to 
Gastrointestinal toxicities
Vomiting occurred after 12 treatments. In three dogs, vomiting occurred with dose-limiting hypercalcemia and required hospitalization for IV fluid and parenteral antiemetics. Diarrhea occurred after eight treatments and was self-limiting after all but three. Anorexia occurred after six treatments and commonly occurred concurrently with vomiting and/or diarrhea. Gastrointestinal toxicities are summarized in Table 4 .
Pharmacokinetics
The median pretreatment serum calcitriol level was 60 pg/ mL (range 5-95 pg/mL). Figure 2 shows concentration over time plots at two low calcitriol dosages (0.1 and 0.25 lg/kg), the intermediate calcitriol dosage (1.5 lg/kg) and at the highest calcitriol dosage administered (5.5 lg/ kg). Peak serum levels were observed immediately after the calcitriol infusion and remained elevated 24 h posttreatment. A summary of the serum calcitriol pharmacokinetic variables at all calcitriol dose levels is shown in Table 5 . The volume of distribution parameter indicates that the calcitriol distribution is primarily to the extracellular compartment. Figure 3 shows that the relationship between calcitriol dosage administered and either C max or AUC 0-24 h . There is substantial variability in serum calcitriol C max at higher dosages (Fig. 3a) . There is a linear relation between calcitriol dose and AUC, however, an expanded plots of AUC versus dose demonstrate the existence of two slopes-one for the low dose (\1 lg/kg) and another for high dose ([1 lg/kg). The slope for the higher dose (Fig. 3c) is steeper than the lower dose (Fig. 3b) implying a more rapid increase in AUC as the elimination half-life plateaus. Figure 4a , b show plots of t 1/2 and Cl tb versus dose, respectively. A fit to the equation t 1/2 = a 9 (b + dose)/dose indicate that t 1/2 was not proportional to dose (a = 6.78 ± 1.11 h and b = 0.33 ± 0.08/lg). The estimated a and b values for the fit of Cl tb = a 9 dose/(b + dose) were 0.95 ± 0.23 L/h/kg and 0.13 ± 0.07/lg, respectively. If t 1/2 and Cl tb were proportional to dose, b = 0. The volume of distribution (V z ) was calcitriol dose-independent (Fig. 4c) .
In vivo antitumor activity
For inclusion in the study reported here, dogs did not need to have tumors of measurable volume, and assessment of tumor response to calcitriol/cisplatin was not the primary goal of the study. Nonetheless, eight dogs had measurable tumors and three had complete responses characterized by 100% reduction in tumor volume. Dogs that achieved complete response included one dog with pulmonary metastases of soft tissue sarcoma (calcitriol dosage 0.25 lg/kg), one dog with multifocal cutaneous squamous cell carcinoma (calcitriol dosage 1.0 lg/kg), and one dog with malignant melanoma of the maxillary gingiva and bone (2.25 lg/kg).
Discussion
On the basis of the findings reported here, a dosage of 3.75 lg of calcitriol per kg body weight was administered i.v. every 3 weeks with cisplatin appears to be appropriate for tumor-bearing dogs. This dosage of calcitriol is considerably higher than that used to treat other canine diseases. A daily oral calcitriol dosage of 0.0025 lg/kg is used to treat secondary renal hyperparathyroidism in end stage renal disease [7] . Calcitriol dosages of 0.01-0.02 lg/ kg per day are used to manage hypocalcemia in dogs with naturally occurring primary hypoparathyroidism or after extensive surgery for bilateral thyroid or parathyroid neoplasia [18] . Preclinical data indicate that the antitumor activity of calcitriol is dose-dependent. In a murine squamous cell carcinoma model, doses of calcitriol that result in C max [ 10.0 ng/mL and AUC [ 40.0 h ng/mL are effective at suppressing tumor growth [42] . In the study reported herein, calcitriol dosages [1.5 lg/kg were associated with serum levels C9.8 ng/mL and calcitriol dosages [1.0 lg/ kg were associated with systemic exposure C45 h ng/mL. This data supports intermittent use of high-dosages of calcitriol as determined in our phase I study for future phase II and III studies in dogs with cancer. As anticipated, the DLT was hypercalcemia. This was observed in two of four dogs given 5.5 lg calcitriol per kg. One dog also developed hypercalcemia at a lower dosage of calcitriol (3.75 lg/kg). Based on the study design, total serum calcium was measured beginning 7 days after treatment. All dogs with dose-limiting hypercalcemia had severe gastroenteritis that prompted laboratory evaluation before day 7. It is probable that the frequency of hypercalcemia was higher in other asymptomatic dogs in the study, but resolved within 1 week of treatment. Also, ionized calcium is the most biologically active fraction of serum calcium [20] but total serum calcium and adjusted total calcium concentration do not reliably predict ionized calcium status in dogs [51] . Future studies of high-dose calcitriol in dogs should monitor serum calcium, and possibly ionized calcium, 24-48 h after treatment. Glucorticoids not only enhance the antitumor effects of calcitriol [5, 61] but also might be useful to decrease calcitriol-induced hypercalcemia as has been shown in people [27] . Dogs with dose-limiting hypercalcemia had signs of gastroenteritis. Dogs studied after being given cholecalciferol-based rodenticide develop anorexia, hematemesis, and hematochezia due to hypercalcemia and soft-tissue mineralization in the lining of the stomach wall [49] . In a study of 41 dogs treated with single-agent cisplatin, 27 (66%) developed adverse gastrointestinal effects; the dosage of cisplatin was similar to that reported here [30] . Clinical signs of gastroenteritis observed in dogs in the present study might have been attributable to severe hypercalcemia, cisplatin, or a combination of these factors.
One dog on this trial developed dose-limiting renal toxicity. In the cases of severe hypercalcemia, kidney damage might occur secondary to renal vasoconstriction, tubular necrosis, and dystrophic mineralization of tubular epithelium [17] . In the dog in this study, however, elevated serum calcium was not detected when measured on days 7-21 after treatment. The adverse renal tubular effects of cisplatin are well characterized [55] . In a report of 18 dogs given 1-6 treatments of cisplatin, 4 (22%) experienced renal toxicity [11] . It is very likely that the renal damage in the dog in the current study occurred because of the cisplatin treatment.
The linear relationship between calcitriol dosage and either C max or AUC observed in this study is in agreement with our recent report showing similar linear relationships in people with cancer treated with high doses of i.v.
calcitriol [16] . Hypersensitivity reactions occurred during 41% of the calcitriol infusions administered to the dogs in our study; the etiology of this toxicity is suspected to be a result of the solubilizing agent, polysorbate, in which parenteral calcitriol is formulated [37] . Oral administration of calcitriol would circumvent this adverse effect, but in people there is a lack of a dose-dependent increase in calcitriol serum concentrations when oral dosages above 0.5 lg/kg of commercially available calcitriol are given [3, 4, 43] . However, a new oral formulation of calcitriol designed specifically for cancer therapy (DN101, Novacea, Inc., San Francisco, CA, USA) has recently been shown to exhibit linear relationships between dose and either C max or AUC although substantial variability was observed in people treated with high doses [3] . In dogs, it is unknown if the MTD and/or pharmacokinetic characteristics of oral calcitriol (commercial caplets or DN101) will differ from i.v. calcitriol. Studies to evaluate commercially available calcitriol preparations in dogs are not reasonable since the largest caplet size is 0.5 lg, and administering 3.75 lg/kg to an average-sized dog would require approximately 250 caplets. Investigation of the pharmacokinetic disposition of DN101 in dogs is warranted.
The relationship between calcitriol dosage and elimination t 1/2 , which we observed in the study, suggests saturable clearance mechanisms at calcitriol dosages C1.0 lg/kg. Although the pharmacologic basis for this observation is unknown, the attainment of maximal induction of CYP24A1-mediated metabolic clearance at calcitriol dosages C1.0 lg/kg is a potential mechanism for the plateau of the calcitriol elimination t 1/2 . CYP24A1 is the major vitamin D 3 catabolizing enzyme [2, 45, 46] and delayed calcitriol clearance in CYP24A1 knockout mice indicates the pivotal role of CYP24 in regulating vitamin D 3 homeostasis [38, 54] . The lack of similar observations in people could be attributed to species differences in calcitriol dosages required to maximally induce CYP24A1 activity. Furthermore, calcitriol dosages C3.0 lg/kg have not been administered intravenously to people with cancer. Other contributing factors in need of further investigation include species differences in polymorphisms in vitamin D receptor and vitamin D 3 metabolizing enzymes such as CYP24A1.
Our in vitro studies show calcitriol significantly enhanced cisplatin-mediated antitumor activity in multiple cell lines. Similar synergistic effects have been observed in murine squamous cell carcinoma [25, 35] and human breast carcinoma [10, 47] , prostatic carcinoma [40] , and leukemia [47] cell lines. Single-agent calcitriol has been shown to exert antiproliferative effects against various canine epithelial malignancies including squamous cell carcinoma [33] , adenocarcinoma [34] , and transitional cell carcinoma [29] . To date, this is the first study to examine the effects of calcitriol and calcitriol combined with cisplatin against nonepithelial tumor cells.
In summary, our in vitro data demonstrate that calcitriol and cisplatin have synergistic antiproliferative effects on multiple canine tumor cells. Our in vivo data demonstrate that a high-dosage of i.v. calcitriol can be safely combined with cisplatin in dogs and that the pharmacokinetic parameters achieved exceed those associated with antitumor activity in a mouse model. Although assessment of tumor response was not the primary goal of our in vivo study, antineoplastic activity was observed in three of eight dogs with measurable tumors treated by administration of calcitriol/cisplatin. Taken together, these results indicate that calcitriol/cisplatin-based combination therapies might have significant clinical activity in the treatment of a variety of solid tumors.
